The human leukemia cell line, HL60 is very sensitive to various B can activate CPP32, 13 and apoptotic activation of proteaapoptotic stimuli and p53-null. The death-related cysteine pro- The goal of the present study was to investigate the effects HL60 cells and in a cell-free system. We found that CPP32 is of two cell-permeable protease inhibitors on camptothecin- also be used in a cell-free system. 18,32 In the present report, in a cell-free system. DCI also inhibited CPP32 cleavage. Taken together, these results suggest that in HL60 cells, both CPP32
only serine protease inhibitors block DNA fragmentation and lamin B degradation. These results suggest that serine proteases can function both downstream and upstream of the Introduction CPP32 activation step in a cell death pathway.
Apoptosis is well defined morphologically 1 and recent studies indicate that a number of evolutionary conserved genes reguMaterials and methods late a common cell death pathway that is conserved from worms to humans. 2, 3 Asparate-specific cysteine proteases
Drugs and chemicals (caspases) 4 play a central role in the execution phase of apoptosis. 5, 6 The interleukin-1␤-converting enzyme (ICE) has Camptothecin was a generous gift from Drs ME Wall and MC been the first described homologue of the ced-3 death gene Wani (Research Triangle Park, NC, USA). It was freshly disproduct (CED-3) of Caenorhabditis elegans. 7 Other members solved in dimethyl sulfoxide at 10 mM and further diluted in of the caspase family including caspase 3 (CPP32/Yama/ water before each experiment. The caspase inhibitor, N-benApopain) 8, 9 have been identified and recent evidence suggests zyloxycarbony-Val-Ala-Asp(O-methyl)-fluoromethyketone (Zthat several caspases can be activated sequentially in the same VAD-fmk), and the serine protease inhibitor, 3,4-dichloroisoapoptotic cell. 10 Poly(ADP-ribose)polymerase (PARP) 8, 9 and coumarin (DCI) were obtained from Enzyme Systems Products lamins 11, 12 are among the substrates of caspases. However, (Dublin, CA, USA) and Boehringer Mannheim Biochemical evidence is lacking to directly connect caspases with the (Indianapolis, IN, USA), respectively. The ICE (caspase 1) apoptotic nuclease(s).
inhibitor, acetyl-Tyr-Val-Ala-Asp-aldehyde (Ac-YVAD-CHO) Serine proteases are also implicated in apoptosis. Granzyme and the CPP32/Yama/Apopain (caspase 3) inhibitor, acteylAsp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO) were generous gifts from Drs Douglas K Miller and Bill Hagmann Agarose gel analysis of DNA fragmentation antibody from mouse (101-B7; Oncogene Research Products, Cambridge, MA, USA). The horseradish peroxidase-conjuAfter incubation, cells and nuclei were washed twice in cold gated anti-mouse immunoglobulin secondary antibody was PBS and nucleus buffer without Triton X-100, respectively. purchased from Amersham (Arlington Heights, IL, USA).
Cells and nuclei pellets were resuspended in lysis buffer (10 mM Tris-HCL, pH 10, 150 mM NaCl, 10 mM EDTA) and
Cell culture and labeling nucleus buffer without Triton X-100, respectively, and incubated at 50°C overnight with 1% SDS and 0.5 mg/ml protein-HL60 human promyelocytic leukemia cells were obtained ase K. After ethanol precipitation of lysates, pellets were disfrom Dr Theodore Breitman (Laboratory of Medical Chemistry, solved in TE buffer and treated with 0.4 mg/ml of RNase at NCI, NIH, Bethesda, MD, USA). They were grown in RPMI 37°C for 1-2 h. DNA samples were loaded into 2% agarose 1640 medium supplemented with 10% fetal calf serum gels and the wells were sealed with 1% low melting point (GIBCO, Grand Island, NY, USA), 2 mM glutamine, 100 agarose gel kept at 37°C. Electrophoresis was performed at unit/ml penicillin, and 100 g/ml streptomycin at 37°C in an 0.8 volt/cm for 14-16 h. Gel pictures were obtained after atmosphere of 95% of air and 5% CO 2 . For filter elution staining with 0.5 g/ml ethidium bromide. assays, cells were incubated with 0.01 Ci/ml 14 C-thymidine for one doubling-time, washed with fresh medium twice and chased in isotope-free medium overnight before drug Immunoblotting for CPP32, PARP and lamin B treatment.
After drug treatment, cells were washed in PBS once and resuspended in reducing loading buffer (62.5 mM Tris-HCl, Apoptotic morphology pH 6.8, 6 M urea, 10% glycerol, 2% SDS, 0.003% bromophenol blue, 5% 2-mercaptoethanol) and sonicated for 20 s. Cells (5 × 10 4 to 10 5 ) were centrifuged directly on to a slide Following 15 min incubation at 65°C, the lysates containing glass at 400 r.p.m. for 4 min (cytospin), stained with modified 2.5 × 10 5 cells were loaded on to 14, 8 or 12% SDS polyacrylWright-Giemsa, and observed with light microscopy.
amide gels (precast gel from NOVEX, San Diego, CA, USA) for CPP32, PARP or lamin B, respectively. After electrophoresis, Isolation of nuclei and cytosol for cell-free system proteins were electrophoretically transferred from the gels to studies PVDF membranes (Immobilon-P from Millipore Co, Bedford, MA, USA) according to the manufacturer's protocol. MemWe followed our previously published procedures. 18, 32, 33 branes were incubated at room temperature for 1 h in the priBriefly, untreated control and treated cells were resuspended mary antibody solutions after blocking in 5% non-fat dry milk in nucleus buffer (1 mM KH 2 PO 4 , 150 mM NaCl, 5 mM MgCl 2 , solution, followed by 1 h incubation with secondary antibody. 1 mM EGTA, 0.1 mM AEBSF, 0.15 U/ml aprotinin, 1.0 mM Bands were visualized by an enhanced chemiluminescence Na 3 VO 4 , 5 mM HEPES (pH 7.4), 10% glycerol) including 0.3% kit, SuperSignal (Pierce, Rockford, IL, USA). Triton X-100 at a density of 10 7 cells per ml after washing three times in cold PBS (phosphate-buffered saline). After incubation at 4°C for 10 min and gentle agitation, cellular Results mixes were centrifuged at 2000 g for 10 min, washed in nucleus buffer without Triton X-100 and used as nuclear sus-
The caspase inhibitor, Z-VAD-fmk inhibits pensions at a density of 1-2 × 10 7 nuclei/ml. Supernatants camptothecin-induced apoptosis in HL60 cells were centrifuged one more time at 10 000 g for 10 min and used as cytosol. 14 C-thymidine-labeled cells were used as Z-VAD-fmk was designed to enter live cells as the O-methyl nuclei for filter elution assays.
ester (of the aspartyl carboxy side-chain) and to be converted by intracellular esterases into the active inhibitor. We first studied the morphology of HL60 cells treated with camptoFilter elution assays for measurement of DNA thecin in the absence or presence of Z-VAD-fmk. As shown in fragmentation Figure 1 , camptothecin-treated cells showed typical apoptotic features including cellular shrinkage, chromatin conden-DNA fragmentation related to apoptosis was measured by filter elution as described previously. 29, 34 Briefly, reaction mixsation, and nuclear fragmentation by Wright-Giemsa staining hallmarks for apoptosis. We previously developed a simple and sensitive filter elution method to measure apoptosis-associated DNA fragmentation. 34 The filter elution assay can detect internucleosomal as well as larger DNA fragments (T Shimizu and Y Pommier, unpublished data). The upper panel of Figure 2 shows the effect of Z-VAD-fmk and serine protease inhibitors (see below) on DNA fragmentation as measured by filter elution assay in camptothecin-treated HL60 cells. Z-VAD-fmk blocked camptothecin-induced DNA fragmentation and by itself did not induce significant DNA fragmentation. We also determined that the concentration of Z-VAD-fmk required to inhibit completely DNA fragmentation was 50 M (Figure 3, left panel) , which is consistent with results obtained To determine further where Z-VAD-fmk (and caspases) Z-VAD-fmk blocks CPP32 (caspase 3) auto-activation. We next examined the cleavage of poly(ADPribose) polyacted on the apoptosis pathways in HL60 cells, several key biochemical markers were investigated. CPP32 35 merase (PARP), the substrate used to identify CPP32 apopain 8 and one of the most commonly studied caspase substrates in (= YAMA 9 = apopain 8 = caspase 3 4 ), one of the caspases 4,6 is a key mediator of apoptosis.
36,37 CPP32 is expressed as a apoptosis. PARP was readily cleaved to a p85 fragment in camptothecin-treated HL60 cells (Figure 4 , middle panels), 32 kDa precursor, and upon activation is initially processed to p12 and p20 intermediates followed by slower conversion consistent with results obtained with other chemotherapeutic agents. 38 Treatment of HL60 cells with Z-VAD-fmk under conof p20 to p17 subunits. 8, 36 As shown in Figure 4 (upper left panel), CPP32 cleavage was detected in camptothecin-treated ditions that completely inhibited apoptosis also prevented PARP cleavage (Figure 4 , middle left panel). HL60 cells, indicating the involvement of CPP32 in camptothecin-induced apoptosis in HL60 cells. Inhibition of CPP32
The profound morphological alterations of the nucleus in apoptotic cells (see Figure 1) 4 is also a member of the caspase subfamily closely related to CED-3. 6 As shown in Figure 4 , lamin B was cleaved to a 32 kDa product in camptothecin-treated HL60 cells (Figure 4 , lower panels). This cleavage was inhibited by Z-VAD-fmk (Figure 4 , lower left panel). Taken together, the results of Figure 4 indicate that caspases, including CPP32 (caspase 3) are activated in HL60 cells undergoing apoptosis in response to camptothecin.
Z-VAD-fmk and two other ICE/CED-3 inhibitors, the biochemical pathway of apoptosis. 42 We have previously with 10 M camptothecin for 3 h. Reaction mixtures were assayed by described such a cell-free system for HL60 cells treated with filter elution to measure DNA fragmentation.
topoisomerase inhibitors or staurosporine. 32, 33 We demonstrated that the cytosol from apoptotic HL60 cells induces subfamily, and DEVD-CHO for the CED-3 subfamily. 8, 39 None internucleosomal DNA fragmentation in nuclei from untreated of the three inhibitors affected DNA fragmentation induced by HL60 cells. 18, 32, 33 This is also shown in Figure 5 . Using this camptothecin-activated cytosol, even at 0.5 mM Z-VAD-fmk, system, we tested the effects of ZVAD and two other caspase a concentration in 10-fold excess of the active concentration inhibitors with different specificity: YVAD-CHO for the ICE in cells. These results suggested that caspases are not involved directly in activating the DNA fragmentation activity in the isolated nuclei. Lamin B degradation was also examined in the cell-free system. Upon incubation with cytosol, lamin B (68 kDa) was cleaved to a 45 kDa product, and this cleavage was consistently enhanced in the presence of cytosol from apoptotic cells (Figure 6 , second lane from left). None of the three caspase Effect of protease inhibitors on lamin B cleavage induced by camptothecin-activated cytosol in cell-free system in HL60 cells.
Figure 4
Effect of Z-VAD-fmk or DCI on CPP32, PARP, and lamin B cleavage in HL60 cells treated with camptothecin. After having been
Nuclei from untreated HL60 cells were incubated at 37°C for 30 min in the absence or presence of the indicated protease inhibitors with treated as indicated for 3 h, the cells were washed once in cold phsophate-buffered saline and resuspended in SDS loading buffer for cytosol from HL60 cells that had been treated with 10 M camptothecin for 3 h. After incubation, 3 × SDS loading buffer was added PARP extraction, followed by sonication on ice. Cell lysates containing 5 × 10 5 cells were resolved by SDS-PAGE. After transfer to PVDF into the reaction mixture, followed by 10 min boiling. Nucleus lysates containing 5 × 10 5 nuclei were resolved by SDS-PAGE. After transfer membranes, immunoblotting was performed as described in Materials and methods. Upper, middle, and lower panels show Western blotting to PVDF membranes, immunoblotting was performed as described in Materials and methods. for CPP32, PARP and lamin B, respectively. inhibitors inhibited lamin B degradation in the cell-free Discussion system.
Together, these results indicated that the caspase inhibitor, Caspases are believed to be the key common effector of the apoptotic execution phase. 6, 43, 44 Our data are consistent with Z-VAD-fmk antagonized apoptosis in whole cells but was inactive in the cell-free system. The two other caspase inhibithis view as they show for the first time caspase 3 (CPP32/Yama/Apopain 4 ) cleavage in HL60 cells undergoing tors which are not cell-permeable were only tested in the cellfree system, and were also inactive against DNA fragmenapoptosis in response to camptothecin. The involvement of the other caspase family members in apoptosis is probably tation and lamin B degradation induced by cytosol from apoptotic cells in the cell-free system. This suggested that caspases specific to certain cells and stimuli, and it is likely that a caspase cascade is activated during apoptosis. For instance, are involved in the early steps of apoptosis but are not required to activate nuclear degradation in our cell-free Fas/APO-1 activates FLICE/MACH/Mach5 which in turn activates other caspases. 45 The limited role of ICE in apoptosis is system. exemplified by the fact that ICE knock-out mice are viable and that the cells from those mice can still undergo apoptosis in response to DNA damaging agents, and activate CPP32. 37, 46, 47 Dichloroisocoumarin (DCI), inhibits apoptosis both in
Peptidyl-fluoromethylketones such as Z-VAD-fmk whole cells and in the cell-free system (benzyloxycarobnyl-Val-Ala-Asp-fluoromethyl-ketone) are irreversible inhibitors of cysteine proteases. 20 Like the aldehyde inhibitors, YVAD-CHO and DEVD-CHO, 8 Z-VAD-fmk We recently reported that serine proteases added to our cellcontains an Asp in the P1 position. However, because it lacks free system are able to induce DNA fragmentation. 18 We an amino acid in the P4 position, Z-VAD-fmk would be therefore used DCI, a cell-permeable mechanism-based serine expected to have a broader specificity for caspases 21,23 than protease inhibitor 25 in comparison with Z-VAD-fmk. By conthe tetrapeptide inhibitors of this family such as YVAD-CHO trast to Z-VAD-fmk, DCI was active in the cell-free system and and DEVD-CHO. Z-VAD-fmk is inactive against granzyme B, antagonized both DNA fragmentation ( Figure 5 ) and lamin B a serine protease which is also an aspartate protease involved degradation ( Figure 6 ). DCI was also active in whole cells, and in the apoptosis upstream from caspase 3 (CPP32) in cytotoxic inhibited DNA fragmentation (Figures 2 and 3) , lamin B degra-T cells. 48 DEVD-CHO exhibits selectivity for CPP32. 8 Our dation, CPP32 and PARP cleavage (Figure 4 ). Another serine results that Z-VAD-fmk inhibited all the parameters of protease inhibitor with chymotrypsin-like specificity, TPCK, apoptosis in HL60 cells studied suggest that activation of casalso inhibited DNA fragmentation in whole cells (Figure 2) pase 3 (CPP32) plays a key effector role in camptothecinand in the cell-free system. 18 These results are consistent with induced apoptosis. This activation is independent from p53 as an involvement of serine protease(s) in apoptosis of HL60 cells HL60 cells are p53 null.
31 treated with camptothecin. The finding that Z-VAD-fmk could inhibit CPP32 cleavage is consistent with Jacobson et al's data in staurosporine-treated CHO cells, 23 and can be interpreted in two ways. First, caspase 3 (CPP32) could be downstream from another caspase which would be sensitive to Z-VAD-fmk. There is precedent for this, since Fernandes-Alnemri et al 10 recently reported in vitro activation of CPP32 and Mch3 by Mch4, a human caspase containing two FADD-like domains. A second, and not exclusive possibility is that Z-VAD-fmk could block CPP32 auto-activation. The presence of P1 aspartates at the activating cleavage sites of CPP32 would be consistent with this possibility. 8 However, to our knowledge auto-activation of CPP32 has not been demonstrated.
The lack of activity of the three caspase inhibitors studied (Z-VAD-fmk, YVAD-CHO and DEVD-CHO) in our cell-free system suggested that caspases are not involved in the late nuclear events of apoptosis. By contrast, we found that DCI and TPCK both inhibited nuclear apoptosis in the cell-free system. These findings are consistent with our previous report that camptothecin-induced DNA damage activates serine protease(s) which in turn activate(s) endonuclease(s) in the cell-free system prepared from HL60 cells.
18 Thus, serine protease activation, rather than caspase activation, may be directly involved in the endonuclease activation.
Lamin B cleavage yielded different cleavage products in whole cells and in the cell-free system (32 kDa band in whole cells and 45 kDa band in the cell-free system). The 45 kDa band has also been observed in apoptotic thymocytes, 12 and closer examination of whole HL60 cells at early times of camptothecin-induced apoptosis also revealed a transient 45 kDa cleavage band which was further degraded to the 32 kDa product (data not shown). Thus, it is possible that
Figure 7
Hypothetical caspase or serine proteases activation pathways in HL60 cells undergoing camptothecin-induced apoptosis. some protease(s) responsible for further processing to the cleavage. 13 Inhibition of other forms of apoptosis by DCI has dichlorobenzoyl)oxy)methyl ketone as potent time-dependent inhibitors of interleukin-1␤-converting enzyme. J Med Chem been reported by others. [49] [50] [51] [52] [53] Thus, it would appear that serine 1994; 37: 563-564.
proteases can be involved both upstream and downstream 21 Armstrong RC, Aja T, Xiang J, Gaur S, Krebs JF, Hoang K, Bai X, from caspases in HL60 cells undergoing apoptosis 54 ( Figure 7 ).
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